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INTRODUCTION
During the past decade evidence has accumulated suggesting that the phenomenon of acid precipitation may involve the transport of air pollutants over long distances and the deposition of acidic materials in basins with widely differing geochemical capacities for neutralizing acids (N ationa! Research Council, 1981; 1983) . These two characteristics of the acid deposition problem give rise to the need for a more detailed geographic understanding of the phenomenon than presently exists for the Nation as a whole. A recent analysis of available data from eastern North America by the National Research Council (1983) links historical trends in atmospheric emissions of so2 and NOx to trends in precipitation chemistry at a single site, the Hubbard Brook Experimental Forest in New Hampshire. A major conclusion of that study is that the lack of long-term records 1 of precipitation chemistry at sites in other regions of the country greatly hinders efforts to associate specific source areas of acid-producing materials with the sensitive areas receiving those materials.
In this report we describe a geographic pattern in recorded changes in water chemistry at a nationwide network of stream sampling stations. The nature of these stations, and the geographic pattern of atmospheric so2 emissions occurring during the period of sampling, suggest that the stream chemistry changes result from regional changes in the rates of acid deposition. There are difficulties inherent in the use of stream chemistry data to indicate changing rates of acid deposition. Because of the numerous natural and human sources of materials entering streams in general, it is difficult to separate atmospheric factors from other possible causes of chemical change in the absence of simultaneous records of precipitation chemistry. This problem is greatly alleviated in the pl"esent study, however, by virtue of the predominantly undeveloped nature of the drainage basins in which the sampling stations are located.
The principal advantage to the use of stream chemistry records over precipitation data in discerning trends in acid deposition is the larger number and wider geographic distribution of sampling sites for which long-term(> 10 year) records are available. A further advantage of stream data is that streams tend to carry acidic material deposited in both wet and dry forms so that effects on stream chemistry tend to reflect the total deposition rate. To date, direct quantification of dry deposition rates at precipitation monitoring sites has proved very problematic (Hicks, and others, 1981) . Moreover, stream chemistry data provide direct evidence of the geochemical sensitivity of an area to acid deposition and are thus, in a sense, a step closer to the problem.
1979) for a 10-15-year period at each site, waterquality records from the network are particularly appropriate for investigating atmospheric influences on water quality during the past decade.
Since 1964 the U.S. Geological Survey has operated the Hydrologic Bench-Mark Network of 47 streamflow and water quality monitoring stations in small, predominantly undeveloped stream basins (table 1; Cobb and Biesecker, 1971) . The network includes stations in 37 states and was originally established to help define baseline hydrologic conditions in a variety of natural environments. Because of little or no changes in land use in these basins and the application of consistent sampling and analytical methods (Skougstad and others, 
METHODS
In this report we present the results of applying the Seasonal Kendall test for trend (Hirsch and others, 1982) to monthly records of stream sulfate, pH, alkalinity, and the ratio of alkalinity to total major cation concentration at Bench-Mark stations.
Records of sulfate, alkalinity, and major cation concentrations begin generally in the mid-to late 1960's ( fig. la) figure 1b were measured in the laboratory and are not comparable to in-stream measurements. Records of stream nitrate concentrations are available only since the mid-to late 1970's and are considered too short for comparison with the other records.
The Seasonal Kendall test is nonparametric and is intended for analysis of time trends in seasonally varying water-quality data from fixed, regularly sampled monitoring sites such as those which the Bench-Mark Network comprises (Hirsch and others, 1982 ; see also Smith and others, 1982) . In addition to a test for trend, the statistical procedure includes an estimate of the median rate of 4 change of quality over the sampling period (trend slope) and a method for adjusting the data to correct for effects of changing stream flow on trend in the water-quality record. Trend is defined here simply as monotonic change with time, occurring either as an abrupt or gradual change in water quality.
ATMOSPHERIC CONTRIBUTIONS TO STREAM SULFATE
An important assumption of the present analysis is that stream sulfate concentrations at most Bench-Mark stations are low enough to be significantly influenced by changes in the rate of atmospheric deposition of sulfur. Annual average sulfate concentrations of precipitation in the United States, based on 1981 data from the National Atmospheric Deposition Program ( Colorado, 1982, written communication) . These data can be used to estimate the contribution of wet deposition to stream sulfate, provided that the tendency for evapotranspiration to increase the concentration of dissolved constituents in precipitation is taken into account. Correction factors for the effects of evapotranspiration are calculated as the ratio of annual precipitation to annual runoff (table 1; Cobb and Biesecker, 1971 ) and range from 10 or greater for much of the West to about 2 in New England and as low as 1.5 in the far Northwest.
After adjusting for the effects of evapotranspiration, precipitation is estimated to contribute at least 90 percent of the mean sulfate concentration at half of the Bench-Mark stations and at least SIGNIFICANCE LEVEL
22 percent of the mean sulfate concentration at all but six stations. The Bench-Mark stations at which precipitation is estimated to contribute less than 22 percent of stream sulfate are: South Hogan Creek near Dillsboro, Indiana (19 percent); North Fork Quinault River near Amanda Park, Washington (11.5 percent); Beaver Creek near Finley, North Dakota (9.2 percent); Red Butte Creek at Ft. Douglas near Salt Lake City, Utah (6.5 percent); Bear Den Creek near Mandaree, North Dakota (2 percent); and Beauvais Creek near St. Xavier, Montana (1.5 percent).
The above estimates of the precipitation contribution to stream sulfate at Bench-Mark stations are conservative estimates of the total atmospheric contribution because dry deposition is not included. Dry deposition has proved difficult to quantify (Hicks and others, 1981) but, depending on climatic and other factors, has been estimated to contribute anywhere from a few percent to 60 or 70 percent of the total sulfate deposition (Niemann, 1983 'Significance level (p) is the probability of incorrectly rejecting the null hypothesis that there is no trend in the data. The significance level provides a measure of the confidence to be placed in the validity of an observed trend. For example, if p is greater than 0.1 but less than 0.2 (0.1 < p < 0.2), there is an 80 to 90 percent likelihood that the observed trend is real and does not occur through chance alone.
TRENDS IN S0 2 EMISSIONS
There is evidence (G. Gschwandtner and K. Gschwandtner, 1983, Pacific Environmental Services, Durham, North Carolina, written communi- o.ooo cation) that trends in S0 2 emissions to the atmosphere from 1965 to 1980 followed a similar geographical pattern to that described above for trends in sulfate at Bench-Mark stations ( fig. 2 ; see also table 6). Substantial declines in emissions occurred from 1965 to 1980 in the Northeast and northern Midwest while increases occurred in the Southeast and in most States west of the Mississippi. Based on previous literature, it is difficult to construct a comparable nationwide picture of trends in stream and precipitation sulfate concentrations due to the limited number and uneven distribution of sampling sites with adequate record lengths (Bubenick and others, 1983) . For the Northeast, however, there are other recent reports of declining stream and precipitation sulfate concentrations from scattered locations (National Research Council, 1983; Peters and others, 1982; Ritter and Brown, 1981; Likens and others, 1980) .
TRENDS IN STREAM ALKALINITY
Trends in alkalinity at Bench-Mark stations ( fig.  3a ) display a geographic pattern that is the approximate inverse of that of sulfate trends: over a broad area from the Southeast to the Northwest, down trends in alkalinity greatly outnumber up trends, while in the Northeast, alkalinity trends are consistently up. The inverse relation with sulfate trends is somewhat stronger among stations with low average alkalinity (dark symbols in fig.  3a ) although a number of important exceptions to the pattern exist (for example, stations in South Carolina and Minnesota). On average, alkalinity trend slopes are of the same order of magnitude as sulfate trend slopes (see tables 2 and 3), but may differ considerably in magnitude from sulfate trends in a station-by-station comparison.
An inverse relationship between sulfate and alkalinity is expected if the sulfate represents the introduction of sulfuric acid to the stream system and if that acid acts to reduce stream alkalinity rather than to dissolve minerals in the stream basin (Burns and others, 1981; Kramer and Tessier, 1982) . To the extent the acid reacts with rock and soil, however, it is not available to reduce stream alkalinity. Also, because alkalinity itself occurs as a result of mineral dissolution, it follows that an inverse relationship between trends in sulfate and alkalinity will be strongest in low alkalinity waters. In fact, in basins characterized by carbonate weathering (and very high alkalinity) the introduction of strong acid may result in an increase in alkalinity (Kilham, 1982) . Several investigators (Burns and others, 1981; Kramer and Tessier, 1982) have suggested using the ratio of alkalinity to major cation concentrations as an index of acidification of surface waters in order to overcome the confounding alternative effects of acidification in different basins (that is, a loss of alkalinity versus an increase in mineral dissolution). The ratio can only decrease (slowly in the presence of carbonate minerals in the drainage basin, more rapidly in their absence) as a result of an increased acid input to the system.
In accordance with the above theory, trends in the ratio of alkalinity to total major cation concentration (sum of sodium, potassium, calcium, and magnesium) at Bench-Mark stations ( fig. 3b; 
TRENDS IN STREAM pH
Trends in pH at Bench-Mark stations ( fig. 4 ; see also table 5) do not follow a clear regional pattern and are only partly consistent with trends in sulfate and alkalinity. Approximately equal numbers of increasing and decreasing trends in pH have occurred nationally with down trends occurring much more frequently than up trends at low alkalinity stations (shaded symbols). An important divergence from the geographical pattern evident in figures 2 and 3 is that stations in New York and Maine show down trends in pH despite the fact that sulfate and alkalinity trends in those states suggest a slight lessening of acidification.
Several possible explanations for the apparent inconsistencies between trends in pH and the other major ions are worth noting. First, pH records at Bench-Mark stations are somewhat shorter than records for the other major ions (compare figs. la and 1 b) and in some basins do not not cover periods when significant changes occurred in the other constituents. Second, alkalinities at most Bench-Mark stations ( fig. 3a) are high enough to provide considerable resistance to changes in pH; the sulfate changes reported here are mostly small (see above) and would not be expected to cause significant changes in pH at the prevailing alkalinities of many stations. Third, the lack of comparable nitrate records makes it difficult to evaluate the role of atmospheric nitrogen in acid deposition at these stations. Precipitation data from Hubbard Brook, New Hampshire (Likens and others, 1980) show an increase in nitrate from 1964 until the early 1970's, followed .by a leveling off or slight decline since that time. Pre- [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] . Data are recent revisions of SO~ emissions presented in Rivers and Riegal, 1982 (G. Gschwandtner and K. Gschwandtner, Pacific Environmental Services, Durham, NC, written communicatin, 1983 1970 1975 1978 1980 cipitation pH at the same site has varied considerably since 1964 but has shown no clear trend over the period.
SUMMARY
Water-quality records collected over a 10--15-year period from the Hydrologic Bench-Mark Network, a nationwide network of sampling stations in predominantly undeveloped stream basins, 11 show small declines in stream sulfate at stations in the northeastern quarter of the Nation and small increases in sulfate at a number of southeastern and western sites. Stream sulfate concentrations at most Bench-Mark stations are low enough to be significantly influenced by changes in the rate of atmospheric deposition of sulfur. The geographic pattern of trends in atmospheric S0 2 emissions from 1965 to 1980 approximately coincides with the pattern of sulfate trends at BenchMark stations, and tends to support the hypothesis that the stream sulfate trends reflect regional trends in sulfur deposition rates.
Trends in stream alkalinity at Bench-Mark stations follow a regional pattern that is the approximate inverse of that of the sulfate trends: small increases have occurred at most stations in the Northeast and small decreases have occurred at many stations in the South and West. The inverse relationship is strongest at stations with relatively low mean alkalinity ( < 1 meq L-In the northeastern quarter of the country, 80 2 emissions have decreased over the past 15 years and the trends in the cited chemical characteristics of Bench-Mark streams are consistent with a hypothesis of decreased acid deposition in that region. Throughout much of the remainder of the country, 80 2 emissions have increased and trends in stream sulfate, alkalinity, and alkalinity/total cation ratios are consistent with a hypothesis of increased acid deposition.
